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Summary
After inoculation of the plasmid-free non-aggregative
Ralstonia eutropha-like strain AE815 in activated
sludge, followed by reisolation on a selective medium,
a mutant strain A3 was obtained, which was character-
ized by an autoaggregative behaviour. Strain A3 had
also acquired an IncP1 plasmid, pLME1, co-aggregated
with yeast cells when co-cultured, and stained better
with Congo red than did the AE815 strain. Contact
angle measurements showed that the mutant strain
was considerably more hydrophobic than the parent
strain AE815, and scanning electron microscopy
(SEM) revealed the production of an extracellular sub-
stance. A similar hydrophobic mutant (AE176R) could
be isolated from the AE815-isogenic R. eutropha-like
strain AE176. With the DNA ®ngerprinting technique
repetitive extragenic palindromic-polymerase chain
reaction (REP-PCR), no differences between these
four strains, AE815, A3, AE176 and AE176R, could
be revealed. However, using the ampli®ed fragment
length polymorphism (AFLP) DNA ®ngerprinting tech-
nique with three different primer combinations, small
but clear reproducible differences between the band-
ing patterns of the autoaggregative mutants and their
non-autoaggregative parent strains were observed
for each primer set. These studies demonstrate that,
upon introduction of a strain in an activated sludge
microbial community, minor genetic changes readily
occur, which can nevertheless have major conse-
quences for the phenotype of the strain and its aggre-
gation behaviour.
Introduction
Activated sludges can vary rapidly with respect to ¯oc
formation and cell aggregation properties (Urbain et al.,
1993; Bossier and Verstraete, 1996). Often, these shifts
result from population changes within the complex micro-
bial community (Kampfer et al., 1996). However, it is pos-
sible that certain key bacteria also undergo natural genetic
alterations. The relation between changes in cell aggrega-
tive behaviour and mutational events has not yet been
thoroughly investigated in environmental strains.
The cell surface hydrophobicity (CSH) of a bacterium is
an important factor in its interaction with the environment
and may in¯uence the ecological niche it will occupy. Yet,
the CSH is not always a steady characteristic. Microorgan-
isms change the CSH in response to environmental and
physiological conditions (Bar-Or, 1990), such as medium
composition and growth phase. It is now assumed that
microorganisms can modify, within certain limits, the hydro-
phobicity of the cell envelope as a function of environmental
demands. Changes in CSH can be caused by, e.g. differen-
tial lipopolysaccharide (LPS) epitope, exopolysaccharide
(EPS) or protein expression. Rough mutant strains of Sal-
monella typhimurium producing LPS with truncated O-spe-
ci®c side-chains were found to be more hydrophobic than
the wild-type smooth strains producing intact EPS (Her-
mansson et al., 1982). In a variety of strains, EPS capsules
reduce the CSH, while ®mbriae production renders cells
more hydrophobic (Rosenberg and Doyle, 1990).
Bacteria have been shown to change surface character-
istics, leading towards increased adherence (Darfeuille-
Michaud et al., 1992; Savarino et al., 1994) or speci®c
aggregation (Andrup et al., 1993), through the acquisition
of a plasmid. In a genetically unspeci®ed way, Aeromonas
salmonicida (FernaÂndez et al., 1995) species have been
shown to change surface characteristics through the pro-
duction of a 50 kDa protein (A-layer) after passage through
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®sh. Strains producing the A-layer were more hydrophobic
and autoaggregated.
In this paper, we show that an increase in CSH in a
Ralstonia eutropha-like strain was associated with cell
aggregation and better staining with Congo red. These
phenotypic changes concurred with chromosomal muta-
tional events that could be detected with the ampli®ed frag-
ment length polymorphism (AFLP) DNA ®ngerprinting
technique. These changes were provoked by simple intro-
duction of the strain to an activated sludge community.
Results
Isolation of the autoaggregative strain A3
Bacterial strains have been shown to change cell surface
characteristics through the acquisition of a plasmid (Dar-
feuille-Michaud et al., 1992; Andrup et al., 1993; Savarino
et al., 1994) or, in the case of a pathogenic bacterium,
through contact with its host (FernaÂndez et al., 1995). In
this study, attempts were made to isolate autoaggregative
variants of the environmental R. eutropha-like strain AE815
after contact with an activated sludge community. Initially,
attention was focused on the possibility that the plasmid-
free strain AE815 would obtain this aggregative phenotype
through the acquisition of plasmid-encoded genes by con-
jugation. The autoaggregative strain A3 was isolated as
follows. The R. eutropha-like strain AE815 (108 cfu) was
mixed with 4 mg of activated sludge from a hospital waste-
water puri®cation station. After centrifugation, the pellet
was resuspended into 30 ml of LB, spotted onto a LB plate
and left to incubate overnight at 288C. By selective enrich-
ment in E-medium, supplemented with kanamycin, rifampi-
cin and cycloheximide, the strain AE815 was recovered
from this mixture (Bossier and Verstraete, 1996). Subse-
quently, strains that were able to co-aggregate with added
yeast cells were enriched by co-precipitation (Bossier
and Verstraete, 1996) as a result of their ability to settle
as ¯ocs. Bacteria in the settled ¯ocs were then plated on
E-medium with the same antibiotics, and single colonies
were tested for their ability to co-aggregate with yeast
cells in a co-culture in YEPD medium. In total, 31 out of
50 isolates were able to co-aggregate with yeast cells.
The 31 isolates could be grouped into two different classes.
The ®rst group of strains (26 isolates) co-aggregated with
yeast cells within 2 h of co-culturing (as observed for a
Comamonas testosteroni strain A20; Bossier and Ver-
straete, 1996). The second group of strains (®ve isolates)
only formed aggregates with yeast cells after overnight co-
culturing. They also autoaggregated when grown in LB.
One particular strain from the second group, A3, was
investigated further.
Strain A3 had the same antibiotic resistance pattern and
the same BIOLOG substrate utilization pattern as strain
AE815 (data not shown). Moreover, the repetitive extra-
genic palindromic-polymerase chain reaction (REP-PCR)
®ngerprint of strain A3 was the same as those of AE815
and other derivatives of the original R. eutropha-like strain
CH34 (Fig. 1). These results indicate that strain A3 was
derived from strain AE815. Apart from the autoaggrega-
tive phenotype, strain A3 also stained darker red on LB
plates containing Congo red, compared with strain AE815
(Fig. 2). In Azospirillum brasilense (Katupitiya et al., 1995)
and Aeromomas salmonicida (Dalsgaard et al., 1994),
autoaggregation and Congo red staining were found to
be linked phenotypically as well. The strain A3 typically
produced smaller colonies on an LB plate compared with
strain AE815. Interestingly, prolonged incubation very
often resulted in the production of rough colonies (data
not shown).
Cell surface characterization
The physicochemical origin of the described features of
the A3 strain were investigated. The cell surface hydro-
phobicity (CSH) of strains AE815 and its variant A3 was
compared by measuring water contact angles. The water
contact angles of two independent measurements (micro-
bial cells harvested from two independent cultures) at t0
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Fig. 1. REP-PCR patterns of the different Ralstonia eutropha-like
strains. As a comparison, two other strains were included. Lanes: 1,
AE815; 2, A3; 3, AE815(RP4); 4, A3(RP4); 5, AE176; 6, AE176R;
7, AE176 W; 8, Ralstonia eutropha JMP228; 9, Comamonas
testosteroni I2, 10, 1 kb ladder; 11, 50 bp ladder.
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were 31.9 6 3.88 and 24.4 6 2.68 for strain AE815 and
53.2 6 6.88 and 87.2 6 7.28 for strain A3. The water con-
tact angles generally increased slightly with drying time
and reached a plateau after 10±15 min, subsequent to
mounting on the microscope slide. At 60 min (t60), the
water contact angles were 36.7 6 4.08 and 25.8 6 2.18
for strain AE815 and 72.3 6 6.28 and 87.7 6 5.18 for strain
A3. This indicated that strain A3 had a considerably more
hydrophobic cell surface than the original strain AE815.
Scanning electron microscope (SEM) analysis showed
that A3 produced an extracellular substance (Fig. 3) that
appeared as long ®bres connecting individual cells.
Genetic analysis of strain A3
Strain A3 contained a plasmid, designated pLME1 (result
not shown), which was not present in strain AE815. The
A3 strain probably acquired the plasmid through conjuga-
tion with microorganisms of the activated sludge commu-
nity. It was investigated whether the phenotypic features
(namely autoaggregation and staining with Congo red) of
the strain A3 were encoded by the plasmid. PCR ampli®ca-
tion with speci®c primers for IncP plasmids (trfA1) (GoÈtz et
al., 1996) and subsequent electrophoresis and Southern
hybridization with the trfA1 fragment of RP4 showed that
plasmid pLME1 yielded a fragment of the same size and
with highly similar sequence to RP4. These data indicated
that plasmid pLME1 belonged to the IncP incompatibility
group. This incompatibility between the two plasmids
allowed us to cure strain A3 from its plasmid pLME1 by
introducing the incompatible plasmid RP4. Escherichia
coli CM120(RP4) was used as donor, and tetracycline-
resistant transconjugants A3(RP4) were isolated. These
transconjugants A3(RP4) were effectively cured from the
plasmid pLME1, as demonstrated by plasmid extraction
and EcoRI restriction digest analysis (data not shown).
Nevertheless, the strain A3(RP4) retained the phenotypic
characteristics of strain A3, namely autoaggregation and
staining by Congo red (Fig. 2), which suggests that the
acquired phenotypic characteristics were not encoded by
plasmid pLME1.
A conjugation between strain A3 and another derivative
of the R. eutropha-like strain CH34, namely strain AE176,
was performed. Using liquid E-medium supplemented
with lysine and Ni, AE176 cells were selectively enriched.
From this enrichment culture, AE176 cells (as veri®ed by
their lysine auxotrophy) that stained dark red in the pre-
sence of Congo red (Fig. 2) and autoaggregated were iso-
lated. Such a strain was designated AE176R. AE176 cells
with the same phenotypic characteristics as AE176 (namely
non-aggregative and no staining with Congo red), desig-
nated AE176W, were also obtained (Fig. 2). Both strains
AE176R and AE176W harboured the plasmid pLME1.
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Fig. 2. Congo red staining of strains AE815 and AE176, their
isogenic autoaggregative variant strains A3, A3(RP4) and AE176R
and the isogenic non-aggregative variant AE176W.
Fig. 3. SEM images of strains AE815 (A) and A3 (B). In the
preparation of strain A3, an extracellular substance can be seen
linking individual cells.
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Again, the plasmid could be cured from these two strains
by conjugation with CM120(RP4) without affecting their
phenotype. The latter observation again suggests that the
plasmid pLME1 as such does not carry the genetic infor-
mation coding for the phenotypic characteristics observed
with the autoaggregative strains A3 and AE176R. It also
provided the insight that contact with activated sludge
was not a prerequisite for the acquisition of the described
phenotypic characteristics, as the autoaggregative strain
AE176R was isolated from a conjugation mixture of A3
and AE176 cells.
AFLP analysis
The small strain collection was analysed further using the
DNA ®ngerprinting technique AFLP. This revealed that the
acquisition of the autoaggregative phenotype was associ-
ated with the absence of speci®c bands in the AFLP pattern.
In comparison with strain AE815, strain A3 was lacking
three AFLP fragments (Fig. 4), using primer combination
A04/T01. A similar difference was also noted between
the AFLP patterns of strains AE815(RP4) and A3(RP4),
which do not contain plasmid pLME1. This indicated that
plasmid pLME1 was not responsible for the observed
changes in the respective AFLP patterns. Interestingly,
the AFLP pattern of the latter two strains showed one addi-
tional RP4-speci®c band. The AFLP pattern of the auto-
aggregative strain AE176R was, in comparison with the
pattern of strains AE815 and AE176W (the latter two strains
have identical patterns), only lacking one of the three bands
that were absent in the pattern of strain A3. Identical results
were obtained when the PCR ampli®cation reactions were
repeated on the same gDNA or when the whole procedure
was repeated starting with gDNA isolated from other cul-
tures (data not shown). Differences in AFLP patterns
between the aggregative and non-aggregative strains
were also detected with two other primer combinations
(A01/T01 and A01/T03), which were amplifying a different
subset of DNA restriction fragments. These primer combi-
nations did not yield RP4-speci®c bands (result not shown).
Taken together, these results show that the A3 and AE176R
strains differed from their respective control strains AE815
and AE176W by chromosomal mutations, as revealed by
the changes in AFLP patterns. On the other hand, consid-
ering that the observed changes between the four strains
(namely AE815, A3, AE176R and AE176W) are minor,
it can be concluded that all strains are clearly isogenic.
The AFLP results also suggested that, in strains A3 and
AE176R, similar, but not identical, chromosomal changes
had occurred, as re¯ected by the disappearance of one
identical AFLP fragment. The latter mutations concurred
with the acquisition of the same phenotypic characteristics
by strains A3 and AE176R, namely staining with Congo
red and autoaggregation.
Discussion
This study indicates that the acquisition of the autoaggre-
gative phenotype of strains A3 and AE176R concurred
with chromosomal changes, which could be detected by
the AFLP technique.
Genotypically, all strains (non-aggregative as well as
aggregative) are very similar, as differences in their DNA
®ngerprinting patterns could only be detected with the
AFLP technique and not with the REP-PCR technique,
which can be used to distinguish strains at the subspecies
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Fig. 4. AFLP banding patterns of strains AE815, A3, AE815(RP4),
A3(RP4), AE176R and AE176W generated with the PCR primer
combination A04/T01. Arrows indicate AFLP bands missing in the
pattern of A3 or AE176R with respect to AE815 or AE176W.
Arrowhead indicates RP4-speci®c band.
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level (de Bruijn, 1992). Given the fact that these differences
in AFLP patterns were detectable with three different pri-
mer combinations, it is unlikely that the change in AFLP
pattern is the result of a single point mutation. Rather, the
observed differences can be explained by either the occur-
rence of various point mutations, affecting the restriction
and/or ampli®cation steps in the AFLP procedure, or spe-
ci®c recombination events. Because the disappearance of
an AFLP band did not concur with the appearance of a sin-
gle smaller or larger AFLP band, it is also unlikely that
small deletions or insertions (e.g. up to 10 nucleotides)
are responsible. The fact that, for each of the three primer
sets used, the AFLP patterns of the two autoaggregative
strains showed similar changes in relation to the control
strains seems to indicate that these events do not occur
randomly, but that a non-random mechanism is at work
at one or more loci. The relation between chromosomal
mutational events, other than point mutations, and changes
in cell surface composition has been studied in some detail
in pathogenic bacteria (Rainey et al., 1993; Moxon et al.,
1994), but is poorly documented in environmental strains.
In a Pseudomonas atlantica strain, EPS production was
found to be modulated by an insertion or deletion of an
IS element (Bartlett et al., 1988). Our data con®rm and
extend the available literature, indicating that, in environ-
mental strains also, the occurrence of mutational events
in the bacterial chromosome can be important and is asso-
ciated with changes in the expression of cell surface con-
stituents. A possible relation between the acquired plasmid
pLME1 in the autoaggregative variants A3 and AE176R
and the observed phenotypic changes could not be demon-
strated. The fact that this plasmid could be removed again
without affecting the phenotype of these two strains seems
to indicate that the plasmid itself does not code for the
phenotypic changes.
A change in the composition and/or abundance of cell
surface determinants, associated with autoaggregation,
was evidenced in the current study by a differential stain-
ing with Congo red and by SEM analysis. In Azospirillum
brasilense (Katupitiya et al., 1995) and Aeromomas salmo-
nicida (Dalsgaard et al., 1994), where autoaggregation and
Congo red staining were found to be phenotypically linked,
it was not clear what cellular or extracellular components
were responsible for the differential staining with Congo
red. Congo red is most frequently used to stain polysac-
charides with a b-1,3 or b-1,4 covalent bond, although
outer membrane proteins that bind Congo red have been
described (Smalley et al., 1995) as well. In Salmonella
enteritidis and E. coli, Congo red binding and autoaggrega-
tion were linked to the ability to produce some speci®c
aggregative ®mbriae (Collinson et al., 1992; 1993). In sum-
mary, it is likely that the production of an extracellular com-
pound(s) of unknown nature, modulating the staining with
Congo red, is responsible for the increased CSH in strain A3.
A variety of mechanisms has been described for the for-
mation of activated sludge ¯ocs (Zita and Hermansson,
1994). Electrostatic interactions, as well as the production
of exopolymeric material, are considered to be important
determinants. In addition, the ability of free-living cells to
attach to activated sludge ¯ocs is strongly correlated with
their CSH (Zita and Hermansson, 1997), while the internal
hydrophobicity of a ¯oc has been found to determine its
ability to settle to a very large extent (Urbain et al., 1993).
As the described strains are isogenic and differ in CSH,
they are a good set of strains for studying the importance
of this characteristic in relation to the retention of individual
cells in the microbial community of an activated sludge ¯oc.
The question arises whether changes such as those
observed in strains A3 and AE176R are common. More-
over, the environmental factors that trigger such changes
in the activated sludge and in the de®ned culture matings,
respectively, and the underlying molecular principles need
to be identi®ed.
Experimental procedures
Strains
Strains AE815 and AE176 are derivatives of the metal-resis-
tant Ralstonia eutropha-like strain CH34, isolated from a
decantation tank of a zinc factory (Mergeay et al., 1985;
Brim et al., 1999). Strain AE815 was obtained by curing strain
CH34 from its two large heavy metal resistance plasmids
pMOL28 and pMOL30, and making it rifampicin resistant
(Springael et al., 1993). Strain AE176 is lysine auxotrophic
(lys ÿ176) and carries only one of the two large plasmids of
CH34, i.e. pMOL28. This plasmid is non-conjugative, has a
size of 180 kb and codes for resistance to cobalt, nickel, mer-
cury and chromate (Mergeay et al., 1985; Collard et al.,
1994). Both strains also grow in the presence of 300 p.p.m.
kanamycin. Strains A3 and AE176R are autoaggregative var-
iants of AE815 and AE176 respectively (this work). Using the
E. coli strain CM120(RP4) (Top et al., 1995) as donor, the
IncP plasmid RP4 (Datta et al., 1971) carrying genes for tetra-
cycline, kanamycin and ampicillin resistance was introduced in
the R. eutropha-like strains A3 and AE176R by conjugation,
yielding transconjugants A3(RP4) and AE176(RP4). Strain
AE815(RP4) was obtained in the same way in a previous
study (Top et al., 1995).
Media
All strains were grown in LB broth (Luria broth) or in M9 mini-
mal medium (6 g lÿ1 Na2HPO4, 3 g l
ÿ1 KH2PO4, 0.5 g l
ÿ1 NaCl,
1 g lÿ1 NH4Cl, 2 mM MgSO4, 0.1 mM CaCl2, pH 7.4) contain-
ing azelaic acid (2 g lÿ1) as carbon source (E-medium) supple-
mented with lysine (40 mg lÿ1) where appropriate. Antibiotics
were added to a ®nal concentration of 300, 20, 200 and
200 mg lÿ1 for kanamycin, tetracycline, rifampicin and cyclo-
heximide respectively. The dye Congo red was added to LB
to a ®nal concentration of 66 mg lÿ1 (LBCR). Congo red was
found speci®cally to stain the autoaggregative strains. Nickel
was added as NiSO4 to LB and to M9 minimal medium to ®nal
Q 2000 Blackwell Science Ltd, Environmental Microbiology, 2, 51±58
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concentrations of 5 and 2 mM respectively. The medium
YEPD, used for co-culturing yeast and bacteria, contained
yeast extract (10 g lÿ1), bacto peptone (20 g lÿ1) and glucose
(20 g lÿ1).
BIOLOG
Strains were compared for their ability to use 95 different car-
bon sources using BIOLOG GN microtitre plates as described
previously (Bossier and Verstraete, 1996).
Genetic and molecular genetic techniques
Conjugations were performed by mixing and spotting 10 ml
of donor and recipient strain onto LB plates, and leaving over-
night at 288C. Transconjugants were selected on appropriate
selective media. Plasmids were extracted from the strains
with a modi®ed Kado and Liu method (Fujita and Ike, 1994).
Templates for REP-PCR ®ngerprinting were obtained by
growing the bacterial strains overnight in LB broth, diluting
them 25 times in ®lter-sterilized water (Sigma) and boiling
and freezing three times consecutively. The REP-PCR ®nger-
printing patterns were further obtained with 2 ml of this template
in a total volume of 25 ml, using REP primers and the PCR
protocol according to the method of de Bruijn (1992), except
that the PCR products were run on a 3.5% polyacrylamide
gel for <3 h at 180 V in a DCode apparatus (Bio-Rad).
Plasmid incompatibility group was determined by PCR,
using one set of the speci®c IncP primers (trfA1 ) (GoÈtz et al.,
1996) and subsequently hybridizing these ampli®ed fragments
with a digoxygenin (DIG)-labelled tr fA1 PCR fragment of the
IncP plasmid RP4, obtained through PCR ampli®cation with
the same primers. Labelling was performed according to the
manufacturer's instructions (Boehringer Mannheim), and hybri-
dizations were carried out as reported previously (Fulthorpe
et al., 1995).
The isolated strains were analysed by the genomic DNA
AFLP ®ngerprinting technique. The concept of the AFLP
technique consists essentially of three steps: (i) digestion of
total genomic DNA with two restriction enzymes; (ii) ligation
of double-stranded restriction half-site speci®c adapters to all
restriction fragments; and (iii) selective ampli®cation of these
modi®ed restriction fragments or templates with primers that
contain, in addition to the same sequence as the correspond-
ing adapters, one or more selective bases at their 38 ends (Vos
et al., 1995). Total bacterial DNA was extracted and puri®ed
as described by Pitcher et al. (1989). All protocols relating
to the preparation of DNA templates for AFLP analysis were
performed essentially as reported previously (Janssen et
al., 1996). In short, 1 mg of DNA was digested with the restric-
tion endonucleases Apa I and Taq I (Pharmacia Biotech), and
adapters were ligated to all restriction fragments using T4
ligase (Pharmacia Biotech). Adapters were prepared by mixing
equimolar amounts of the partly complementary oligonucleo-
tides 58-TCGTAGACTGCGTACAGGCC-38 and 58-TGTACG-
CAGTCTAC-38 (for Apa I adapter) and 58-GACGATGAGT-
CCTGAC-38 and 58-CGGTCAGGACTCAT-38 (for Taq I adap-
ter). These adapters served as binding sites for PCR primers
A01 (58-GACTGCGTACAGGCCCA-38) and A04 (58-GAC-
TGCGTACAGGCCCT-38), and for T01 (58-CGATGAGTCCT-
GACCGAA-38) and T03 (58-GATGAGTCCTGACCGAG-38)
respectively (selective nucleotides are underlined). All ampli-
®cation procedures have been described by Janssen et al.
(1996). Primers A01 and A04 were labelled at their 58 end in
a T4 kinase (Pharmacia Biotech) assay using 32P-labelled
ATP (Amersham International) as described previously (Vos
et al., 1995). PCR products were electrophoretically sepa-
rated in a denaturing 5% polyacrylamide matrix (SequaGel;
National Diagnostics) and visualized autoradiographically by
exposure to Hyper®lm-MP (Amersham International) (Vos et
al., 1995). Autoradiographs were scanned using a high-resolu-
tion densitometric scanner RayVen RSU1 (X-Ray Scanner
Corporation). Transmission image data were stored as TIFF
®les and processed further by the GELCOMPAR software version
3.1 (Applied Maths).
Scanning electron microscopy (SEM)
Cultures of the strains AE815 and A3 were grown overnight
on LB, pelleted and washed once with physiological solution
(8.5 g lÿ1 NaCl). The pellets were ®xed with 4% formaldehyde
overnight and subsequently dehydrated using a gradual series
of ethanol concentrations (30%, 50%, 75% and 95%). After a
®nal overnight dehydration step in 100% ethanol, pellets
passed a CO2 critical point drying procedure. These dried pel-
lets were sputter coated with gold and observed by scanning
electron microscopy.
Contact angle measurement
The hydrophobicity of the cells was estimated by measure-
ment of the water contact angle on a lawn of cells (Mozes
and Rouxhet, 1987). A lawn of washed cells, about 30 layers
thick, was prepared on a ®lter (4.5 cm diameter) with pore dia-
meter 0.45 mm (MF-type, HAWP, Millipore). In order to stan-
dardize the moisture content, the ®lters with the cells were
placed on a gel of 1% (w/v) agar containing 10% (v/v) glycerol
(t0) for 30 min. The ®lters were mounted on a microscope slide
using double-sided adhesive tape. Contact angles were mea-
sured at several time intervals using 0.3 ml of water (puri®ed
by Milli-Q Plus system; Millipore). The values reported
(t0 and t60 after 0 and 60 min drying in air respectively) are
the average of measurements from 10 different places on
the ®lter.
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